genetic variation of each species, 2) use multiple sequence alignments of BHC, SC and other 1 0 0 closely related species that may be present in aquatic ecosystems in the Midwestern U.S.A. to 1 0 1 design species-specific cPCR and qPCR markers for the detection of BHC and SC in eDNA 1 0 2 monitoring programs, and 3) test the specificity and sensitivity of these new markers in detecting 1 0 3 BHC and SC in laboratory and eDNA field trials. Tissue samples (fin clips or livers) were collected from silver and bighead carp 1 0 7 populations throughout their introduced range within the Mississippi River watershed (Table 1; 1 0 8 Fig 1) . Total genomic DNA was extracted using DNeasy Blood and Tissue Kits (QIAGEN Inc.) 6 according to the manufacturer's instructions. DNA extractions were enriched for mitochondrial 1 1 0 DNA using long PCR to amplify the mitochondrial genome as a single 16.6 kb fragment. Primer an initial denaturation step of 93°C for 3 min, followed by 10 cycles of 93°C for 15 sec, 62°C for 1 1 7 30 sec and 68°C for 18 min. An additional 29 cycles were then run adding 20 sec to the 1 1 8 extension step for each cycle. Because amplification of a single fragment was not successful for 1 1 9 all samples (likely due to degraded template DNA), we also attempted to amplify the 1 2 0 mitochondrial genome in three shorter, overlapping fragments, using the same PCR chemistry 1 2 1 and cycling conditions described above. Primer sequences were designed using Primer3 software GAATGGGCTAAACCCCTAAA -3΄ / 5΄-TCGTAGTGAAAAGGGCAGTC -3΄); LC2-F and R 1 2 7 (5΄-CAGGATTCCACGGACTACAC -3΄ / 5΄-TTGGGGTTTGACAAGGATAA -3΄; LC3-F 1 2 8 and R (5΄-CATGCCGAGCATTCTTTTAT -3΄ / 5΄-CAACATCGAGGTCGTAAACC -3΄). When agarose gel electrophoresis revealed that all three of the shorter PCR reactions produced 1 3 0 bands of the expected sizes, the reaction products were pooled for sequencing. aligning the reads of each individual to a reference sequence of the appropriate species from 1 3 8
GenBank (see above for accession numbers) using Geneious software v.6 (Biomatters Ltd., Auckland, New Zealand). Consensus sequences generated for each individual were exported and 1 4 0 aligned, along with sequences of some related cyprinid fish species that may be present in the Marker loci were designed using the multiple sequence alignment of complete 1 4 7 mitochondrial genomes of bighead carp, silver carp, and several related species (listed above). Potential PCR primer sites were chosen by identifying sequence regions that demonstrated no 1 4 9 mismatches within the target taxa and that maximized differences between target and non-target loci were designed to be short (<400 bp) to increase amplification probability. Primer3 (Rozen species. All qPCR probes were labeled with 6FAM as the 5' fluorescent tag, and TAMRA as the 1 5 5 3' quencher. Due to the limited genetic divergence between bighead and silver carp, we also 1 5 6 developed a series of general BHC/SC markers that may detect both species. Marker testing for specificity and efficacy in eDNA field trials 1 5 8
Unless otherwise noted, newly designed cPCR markers were tested using 25 µL reactions Temperature cycling conditions began with an initial denaturation step of 94°C for 10 min, followed by 45 cycles of 94°C for 1 min, 52°C for 1 min and 72°C for 1 min 30 sec, with a final 1 6 3 elongation step at 72°C for 7 min. Amplification products of cPCR assays were purified using E-
Gel SizeSelect Gels (Life Technologies) and sequenced using an ABI 3500XL Genetic Analyzer identify the source species of the amplification product. Master Mix, 0.54 µM of each primer, 0.125 µM of the probe, and 1µL of DNA template. Temperature cycling began with an initial denaturation step at 95°C for 10min, followed by 40 1 7 1 cycles of 95°C for 15 sec and 60°C for 1 min. qPCR reactions were run on a ViiA™ 7 Real- Both cPCR and qPCR markers were tested for: 1) species-specificity, 2) ability to 1 7 6 amplify target species DNA from eDNA samples collected in areas of known BHC and SC 1 7 7 presence, 3) false-positive amplification from eDNA samples that likely do not contain Asian 1 7 8 carp DNA, and 4) limits of detection, or sensitivity, in targets species (i.e., the minimum amount 1 7 9 of starting DNA that can result in a detectable cPCR or qPCR product). SC populations with high densities (pers. commun., A. Katzenmeyer). We also tested for 1 9 0 amplification of BHC and SC in water samples collected from a small tributary of Fishing Creek 1 9 1 (Clinton County, PA, U.S.A), an area outside the introduced range of BHC and SC. These samples have all the typical components of environmental water samples, but were free of target 1 9 3 DNA, and thus provided test cases to detect potential non-target amplification within naturally 1 9 4 occurring DNA pools. In all cases, surface water samples were collected in 50 mL conical tubes. In the laboratory, tubes were centrifuged at maximum speed (4000 g) for 30 min at 4° C. The Creek samples, with 4x replication of PCR reactions to evaluate the detection rate of these monitoring QAPP (USACE 2012). We refer to these markers here as QAPP-SC and QAPP- Markers with high detection rates and low false-positive rates in environmental samples 2 0 7
were subjected to sensitivity testing. Genomic DNA of SC and BHC was extracted and the 2 0 8 concentration of each was normalized to 1 ng/µL. A serial 1:10 dilution series was prepared and 2 0 9 markers were tested across the concentration range of 0.1 ng/µL (10 -1 ) through 10 -7 , with four 2 1 0 replicate cPCRs or qPCRs at each concentration. A limitation to the use of genomic DNA in 2 1 1 sensitivity testing for cPCR markers is that the number of marker copies present in the 2 1 2 normalized DNA extractions, and therefore available for PCR amplification, is unknown. To instructions. Successfully cloned bacterial colonies were cultured and plasmids extracted using To test whether the throughput of eDNA screening methods could be increased by combination in order to directly compare sensitivity in single versus multiplex reactions. qPCR 2 3 0 reactions were prepared as described above, with both sets of primers and probes added to the 2 3 1 reaction, and the same temperature cycling conditions. We generated complete mtDNA sequences for 33 BHC and 29 SC individuals (Table 1) ; 2 3 4 all DNA sequences were submitted to GenBank (Accession numbers XXXX to XXXX).
3 5
Average whole genome sequence coverage for the 62 haplotypes sequenced was 1595X (range 2 3 6 3-11971X coverage). Total length of the aligned BHC and SC genomes was 16620 bp. There 2 3 7 was very little sequence variation within species, with only 40 (0.24%) and 34 (0.20%) variable 2 3 8 sites for BHC and SC, respectively. When species alignments were combined, there were a total 12 with mtDNA genomes from closely related species obtained from GenBank, including common, 2 4 1 grass and black carp for identification of potential species-specific eDNA markers.
4 2
Based on the alignment of mitochondrial genomes, we initially designed 12 SC, 11 BHC 2 4 3 and 16 general BHC/SC cPCR markers. For TaqMan ® qPCR, we initially designed five markers 2 4 4 for BH, six for SC, and three general BHC/SC markers. Based on results from the initial cross- investigated, reducing the number of potential markers for testing to six for cPCR and eight for 2 4 7 qPCR ( Table 3) . We focused all subsequent field and sensitivity testing on the markers with All of the newly designed BHC markers performed better than the QAPP-BH marker, with the 2 5 2 highest detection rate from the qPCR marker BH-TM2 (9 of 44, 20%). In comparison to the were all designed to be in the size range of 200-300 base pairs to increase the potential for 2 7 0 amplification of degraded eDNA, therefore, amplicon base pair lengths were too similar for clear 2 7 1 differentiation of bands on 2% agarose gels; gel-based isolation of fragments for sequencing 2 7 2 would also be infeasible with this combination of amplicon lengths and electrophoresis markers tested, with no substantial reduction in marker sensitivity (limits of detection; Table 6 ). The large number of mtDNA haplotypes generated in this study allowed us to capture inter-and intra-species genetic variation in SC and BHC across their introduced, North American for the differential or discriminatory detection of species requires that sequence differences 2 8 4 14 among taxa be clustered so that multiple differences among taxa are grouped into the length of a 2 8 5 PCR primer and two or more of these areas are grouped within a few hundred base pairs. of markers to maximize differences among species, cross-amplification was observed in at least 2 9 0 one non-target species for many markers, resulting in the elimination of nearly 70% of the 2 9 1 originally designed markers. Despite these difficulties, we were able to design multiple cPCR 2 9 2 and qPCR markers that specifically detect SC and BHC in field-collected water samples in North America. In field trials, the new species-specific markers developed in this study generally had 2 9 5 detection rates similar to or higher than the markers currently used to detect the presence of BHC 2 9 6 and SC DNA in environmental water samples, with similar levels of sensitivity at low 2 9 7 concentrations of target DNA. Further, confounding or efficiency-diminishing factors (e.g., 2 9 8 amplicons that result in gel bands of similar size to those obtained for the target species or 2 9 9 nontarget fluorescence in qPCR trials) were not observed, indicating that these markers would be 3 0 0 suitable as a high-throughput assays to detect the presence of BHC and SC from environmental suggesting that multiplexing may be feasible in eDNA screening, increasing throughput of the 3 0 3 assays. However, performance of multiplexing reactions with field eDNA samples remains to be 3 0 4 tested, and additional combinations of the various markers could be employed following further In addition to potential improvements in sensitivity and throughput by the markers 3 0 7 developed in this study, the availability of multiple new cPCR markers for eDNA screening of 3 0 8 SC and BHC in water samples may help increase the accuracy of eDNA monitoring programs. The current program uses a single marker locus to detect the presence of SC or BHC in 3 1 1 environmental samples, which may be sensitive to random degradation of the single marker. The 3 1 2 use of multiple marker loci would improve overall detection rates and provide stronger evidence is noted for each marker and dilution level. U=Undetermined copy number. Amplifications at these levels are likely due to stochasticity of PCR at such low DNA concentrations.
Dilution: 10 -1 10 -2 10 -3 10 -4 10 -5 10 -6 10 -7 Table 6 : Multiplexing of qPCR markers. Average Ct values (copy numbers) across 24 replicates for markers run individually and combined in a multiplex reaction.
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